A new system to measure the natural skylight polarized radiance distribution has been developed. The system is based on a fish-eye lens, CCD camera system, and filter changer. With this system sequences of images can be combined to determine the linear polarization components of the incident light field. Calibration steps to determine the system's polarization characteristics are described. Comparisons of the radiance measurements of this system and a simple pointing radiometer were made in the field and agreed within 10% for measurements at 560 and 670 nm and 25% at 860 nm. Polarization tests were done in the laboratory. The accuracy of the intensity measurements is estimated to be 10%, while the accuracy of measurements of elements of the Mueller matrix are estimated to be 2%.
Introduction
The intensity and polarization of skylight have long been studied for many reasons. Early interest involved explaining natural phenomena such as the color of the sky and rainbows. 1, 2 Since the discovery of skylight polarization by Arago in 1809, studies of the polarization of skylight and neutral points have been emphasized, as these can be used as indicators of atmospheric turbidity. 3, 4 Early measurements of skylight polarization were made mainly by visual means. As the semiconductor technology advanced, new photodetectors in conjunction with computer technology made the automatic measurements of light and its polarization possible. A large number of optical systems have been developed for observations of polarized light in various fields. Coulson 1 lists the various types of polarimeter developed for observations of the Earth's atmosphere and surface. Although photomultiplier tubes have been used as detectors for most of the systems, some devices use other detectors such as silicon cells or photographic film for special purposes. Video polarimetry techniques have also been developed that use three TV cameras for atmospheric science 5 and CCD cameras for the natural light field. 6 Imaging Stokes polarimetry using CCD image sensors 7 has the advantage of processing data on a pixelby-pixel basis; thus data over a wide field of view can be obtained. The polarimeter described in this paper takes advantage of Stokes polarimetry by using a CCD image sensor and a fish-eye lens as the input optics, thus permitting measurement of Stokes parameters over the whole hemisphere.
This system is based on the RADS-II Electro-optic Fish-eye Camera Radiance Distribution System ͑RADS͒. 8 This system uses a fish-eye camera lens, a filter changer, and a cooled CCD image sensor to measure a hemisphere of the spectral radiance distribution. With the spectral filter changer, measurement at several spectral bands can be performed in a short time ͑minutes͒. With dichroic sheet-type polarizers placed in one of the filter wheels, RADS-II becomes an analyzer-type polarimeter ͑RADS-IIP͒. With proper calibration RADS-IIP enables spectral measurement of the skylight polarized radiance distribution. The data process involves taking three data images with the polarizers in different orientations, i.e., the preferred transmission axes oriented in different directions, and these images are combined to acquire three of the light field Stokes parameters.
In this paper we discuss the overall design of the RADS-IIP system and the calibration steps unique to the polarization system, specifically the characterization of the instrument in Mueller matrix representation. Radiometric calibration of the RADS without polarization was described previously 9 and is not discussed in detail here; only aspects specific to this system are included, and we show results of a field comparison with a simple unpolarized radiometer.
Spectral polarization radiance distribution measurements at different sites, aerosol optical thickness, and Sun angles will be presented in a future paper. 10 
Background Information
It is useful to define the radiometric quantities that we will need. The radiance is defined as the amount of radiant power d 2 P at wavelength within a wavelength interval d and a differential solid angle d⍀, which crosses an element of area dA and in the direction making an angle to the normal of dA:
Implicit in the radiance is the directional dependence of the quantity. The collection of radiance information for all angles is the radiance distribution. The commonly measured quantities of upwelling and downwelling irradiance ͑E u and E d , respectively͒ are simply defined as the cosine-weighted integrals of the radiance distribution over the relevant solid angles.
To describe the polarized radiance distribution, we must have a way to represent the polarization of the radiance in a given direction. A convenient representation is provided by the Stokes vector. The electric field vector E of the light field can be decomposed into two components, E l and E r , which represent the magnitude and the phase of the electric field vectors parallel ͑l͒ and perpendicular ͑r͒ to a reference plane:
The reference plane is normally defined as the plane containing the incident and scattered beams in scattering problems. Assuming that a coherent electromagnetic wave propagates in the z direction ͑r ϫ l͒ with a frequency and that amplitudes and phases for the electric fields of an electromagnetic wave in the l and the r directions are a l , a r and ␦ l , ␦ r , respectively, then
where k ϭ 2͞ is the wave constant. In general the tip of the electric vector described in Eqs. ͑2͒ and ͑3͒ forms an ellipse. To describe the elliptically polarized wave, three independent parameters, such as those of the Stokes vector 11 ͑first introduced by Stokes 12 in 1852͒, are needed,
For a coherent wave, I, Q, U, and V are real quantities that satisfy the following equation:
Assume the ellipse has a major axis ͑length b͒ and a minor axis ͑length c͒ and that the major axis makes an angle with the l direction. The four Stokes parameters can also be expressed in terms of I, , and ␤ ͑tan ␤ ϭ c͞b͒ by direct analyses as
In representing the wave by using Eqs. ͑4͒ or ͑6͒, we have assumed a constant amplitude and phase. However, the actual light field consists of many simple waves in very rapid succession. As a result, measurable intensities are associated with the superposition of many millions of simple waves with independent phases. In this case it is straightforward to prove that
The degree of polarization, Pϩ, and the degree of linear polarization, P͑linear͒, are useful parameters and can be defined as
The plane of polarization and the ellipticity are defined as
For partially polarized light the Stokes parameters ͑I, Q, U, V͒ can be decomposed into two vectors, a completely unpolarized component and elliptically polarized component, as
Transformation of a Stokes vector 
Consider an optical instrument with elements such as birefringent crystals, sheet polarizers, quarterwave plates, imaging lenses, and filters. In general this instrument may cause absorption, scattering, re-flection, and refraction, and these actions will be represented by the system's Mueller matrix. If a polarization-insensitive detector ͑such as a CCD array with the light at approximately normal incidence͒ is placed behind the optical system, then only the intensity ͑I͒ of the light exiting the system is measured. In general this intensity is due to the system's Mueller matrix and the Stokes vector of light incident on the system. If the system Mueller matrix is known and variable, it is possible that combinations of measurements may be used to measure the Stokes vector of the incoming light field. For example, when a linear polarizer is used as the optical element, its Mueller matrix can be represented as follows:
where k 1 and k 2 are the transmittances of the polarizer along the preferred axis and an axis 90°to this axis. is the angle between the polarizer-preferred transmittance plane and a reference plane. If a sequence of perfect polarizers ͑k 1 ϭ 1 and k 2 ϭ 0͒ with ϭ 0°, 45°, 90°are used as analyzers of an incoming Stokes vector
then the resulting intensities measured by a detector after the polarizers would be
When these measurements are combined, three elements of the incoming Stokes vector I o , Q o , and U o can be determined. If the circular polarization element V o is required, then an additional step using a circular polarizer as an analyzer is needed. In general, however, light in the atmosphere is not circularly polarized, so we will not measure this quantity. In the ocean, owing to the existence of the water-air surface, light may undergo total reflection at the surface and return back to the ocean; this process will introduce a small amount of circularly polarized light. 13 These equations form the basis of analyzer polarimeters such as the RADS-IIP. What must be determined through the calibration process are the instrumental Mueller matrix elements with each orientation of the internal polarizers. This calibration process is discussed in Section 3.
Instrument Description
The development of the electro-optic RADS has permitted rapid and accurate measurement of the spectral radiance distribution. 8, 14 A block diagram of this system is given in Fig. 1 .
The central features of RADS-II are fish-eye optics that allows the radiance distribution over a whole hemisphere ͑of spatial directions͒ to be imaged on the two-dimensional image sensor through the imaging optical system, a remotely controlled filter changer assembly that allows the spectral measurement region to be changed rapidly, and, in the case of RADS-IIP, a polarization filter wheel that allows the Mueller matrix of the instrument to be varied. The integration time of the CCD sensor is determined by an electromechanical shutter, which is controlled by a computer interface card. Typical image integration times are between 0.5 and 15 s; thus measurement takes place rapidly. The acquired image is digitized with a 16-bit analog-to-digital converter, and the digital images are stored in a hard drive in the associated IBM PC computer. The CCD camera system uses a solid-state StarScape II CCD camera from First Magnitude Corporation, 15 which adopts the TC215 image sensor from Texas Instruments. The TC215 is a full-frame CCD image sensor that provides high-resolution image acquisition for image-processing applications. The image format measures 12 mm horizontally by 12 mm vertically. The image area contains 1018 active lines with 1000 active pixels per line. Six additional dark reference lines give a total of 1024 lines in the image area, and 24 additional dark reference pixels per line give a total of 1024 pixels per horizontal line. The digitizer adds 32 more dummy lines and 32 more dummy elements for each line; thus the actual size of a digital image is 1056 ϫ 1056 pixels. The imageacquiring software provides binning features, and in all our images the data were binned into 2 ϫ 2 pixel samples, resulting in a 528 ϫ 528 format; thus the effective pixel size is approximately 24 m ϫ 24 m.
A series of lens relay optics transfers the bundle of light rays from the fish-eye converter lens, through the spectral and polarization filters, and then forms an image on the CCD array. The final image size is 10.66 mm in diameter for a maximum full-angle field of view of 178°, which guarantees that the image is well within the 12 mm ϫ 12 mm CCD array. The maximum deviation of light rays from the instrument optical axis, at the position of the spectral interference filters, is 12°. This angular dispersion of the light rays is taken into account in the spectral calibration of the instrument system.
A. Dark Noise Analysis
In the CCD sensor, dark noise ͑signal with no light flux incident͒ of the whole camera system can be (14) generated by three processes: ͑a͒ thermal generation of electrons inside the sensor array, which depends on sensor temperature and is by nature random; ͑b͒ readout noise, which depends on readout circuitry; and ͑c͒ signal-processing noise, which depends on the signal-processing ͑analog-to-digital converter͒ circuitry. In normal operation the thermoelectrically cooled TC215 image sensor temperature ranges from Ϫ30°to Ϫ40°to reduce the thermal generation of electrons.
Dark images were obtained with the shutter kept closed while the CCD was integrating. Figure 2 shows the typical dark count pattern along a row and column of the same image. Inactive and dummy pixels on the edges of the image manifest themselves in both graphs on the left and right sides. As shown, the dark current in an image is far from uniform. Figure  3 is the variation in the average dark current of a central area of 10 ϫ 10 pixels on the image as a function of time and sensor temperature. This shows that the dark current increases linearly as we increase the integration time and increases exponentially as we increase the sensor temperature, as is expected. 16 In all experiments dark images were measured immediately after data images, keeping the same integration time and temperature. These dark images are subtracted from the data images during data processing.
Careful investigation of a series of dark images shows that there is also random noise after the subtraction. To reduce this random noise a series of dark images were taken under the same conditions. Images were then added, and the standard deviation of the whole image was calculated as each image was added. Application of a 3 ϫ 3 averaging filter to the subtracted image is sufficient to maximize the reduction of this random noise.
B. Cross-talk Effect
Pixel cross talk can be defined as the interaction between the individual detector elements of an array detector. Blooming is a particular form of spatial cross talk that affects most array detectors. This phenomenon arises when a pixel or a localized group of pixels is overexposed to light. Blooming has appeared while the TC215 imager was used and manifests itself as spilling of charge from saturated pixels into neighboring unsaturated pixels on the same column. Thus the information content of neighboring pixels is destroyed. This effect can limit the accuracy and dynamic range of the sensor and is avoided by adjusting the neutral-density filter or the exposure time to prevent saturation. In the sky radiance distribution measurements an occulter has been adopted to block the direct solar radiation in all field experiments to avoid this effect and to avoid camera lens flaring.
The row-column cross-talk phenomenon 17 was also found on the TC215 image sensor. The existence of this effect requires that a correction algorithm be applied in image-processing programs in order to offset this interaction between pixels. Rowcolumn cross talk means that the signal in a single pixel will affect another pixel on the same row. Investigations were made to gain qualitative and quantitative characterization of the phenomenon. An experiment was performed that illuminated only the central portion of the array. A typical result is shown in Fig. 4 . In this figure, there are two curves: one curve is the signal from the pixels of the selected row after the pixels in the illuminated region were exposed to light ͑peak between 300 and 400͒, and the other curve is the same row in a corresponding dark image. While counts in the illuminated pixels increased substantially, the counts from pixels in the nonilluminated region decreased significantly with respect to dark counts. This decrease is due to the row-column cross-talk effect and is proportional to the counts in the illuminated region. A row-column cross-talk correction can be accomplished by determining the cross-talk signal for all pixels located on a given row and subtracting this from the net signal of each pixel on that same row. The cross-talk signals for all rows in an image are determined by the signals in a single column in the dark area of the data image; this single column then is duplicated to form a crosstalk signal image in which every column has the exact same information. The correction for the entire data image can be achieved by subtracting this cross-talk signal image from the data image.
C. Shutter Control
An experiment was performed to test the shuttercontrolling signals and the accuracy of the exposure timing. The period of the signal opening the shutter was measured for a series of specified integration times. The result was that all input times agree with measured times within 0.2% in a range of 100 ms to 50 s. Owing to the reaction time of the shutter and the finite opening and closing times, a maximum 5-ms absolute error may still exist; thus in the field we use integration times longer than 0.5 s, which makes the maximum error from this source approximately 1%.
Calibration
The objective of the RADS-IIP calibration is to obtain a functional relationship between the incident flux and polarization and the instrument output. The calibration of the instrument requires a functional set of data concerning the spectral, spatial, and polarization characteristics of the instrument. 18 Voss and Zibordi 9 discussed the steps required for radiometric scalar ͑nonpolarized͒ calibration of a fish-eye camera system. Calibrations of the system linearity, spectral response, camera system roll-off, and absolute system response were performed by these methods. Only the results of these steps are will be discussed. Figure 5 shows the result of a test of the system linearity. In the experimental setup a barium sulfate reflectance plaque was illuminated in the normal direction by a stable 1000-W lamp, providing a source of stable radiance for the camera. The camera viewed the plaque at a direction 45°to the normal. The light intensity incident on the array was controlled by changing of the integration time, and an average of 3 ϫ 3 pixels in the center of the image was obtained. This result shows that the camera output is not exactly linear but can be defined accurately over 3 orders of magnitude by a simple power function, with an exponent of 1.04.
A. Linearity and Spectral Calibration
Interference filters are used in the RADS system to select the spectral band of interest. A calibration was performed to determine the spectral response of the camera system by illuminating the system with light from a monochromator and measuring the system response. Spectral filters 1-4 were found to be centered at 439, 560, 667, and 860 nm, with full widths at half-maximum of 10.5, 10.0, 11.0, and 13.5 nm, respectively. Figure 6 is a typical system roll-off curve determined in the calibration process; the method is described by Voss and Zibordi. 9 This curve was found to be rotationally symmetric around the optic axis of the camera system, so the regression curve shown was used in the data reduction process. An absolute calibration of the system response was also performed with a 1000-W lamp ͑FEL standard lamp traceable to the National Institute of Standards and Technology͒ and a Spectralon reflectance plaque.
B. Polarimetric Calibration
The Mueller matrix of the camera optical system can be represented as a single 4 ϫ 4 matrix. Although in theory this Mueller matrix of the optical system can be decomposed into a chain of matrices that are representations of the individual optical components, it is better to calibrate the system as one unit using prepared sources of partially polarized light. Since the CCD array measures only intensity, only the first row of the total system Mueller matrix must be determined. In this case we input known sets of I o , Q o , U o , and V o ; I is measured; and M11, M12, M13, and M14 can be determined. A convenient set of Stokes vectors to use as input beams are 19 A ϭ
where A is horizontally polarized light, B is vertically polarized light, C is ϩ45°polarized light, and D is right-handed circularly polarized light. These beams are sequentially input into the optical system, and the output light intensity is recorded in each case. This provides four linear equations, the solution of which determines the required elements of the system Mueller matrix. Since we produce the linear polarization states with a dichroic sheet polarizer ͑Gray polarizing film, Edmund Scientific͒, 20 we need to measure the spectral polarization and transmission properties of this polarizer. The principal transmittances of the dichroic polarizers used were measured and are shown as functions of wavelength in Fig. 7 . The extinction ratios, i.e., the fraction of light transmitted through a closed pair of polarizers, were found to be less than 1% for visible light. Transmission for a single dichroic polarizer acting alone ranges from 5% to 50% for visible light. Thus, using sheet polarizers and an unpolarized light source, one can generate the following light beams as input light:
In general the ingoing light undergoes interactions with various optical components of the RADS. If we number each individual optical element in the order of its presence, then the Mueller matrix can be described by the Mueller matrix of a chain of total number of optical components as follows:
where M i is the Mueller matrix of the ith optical component. For our RADS-II system these optical components are lenses, polarizers, interference color filters, and absorption neutral-density filters. For the convenience of our analysis let us denote the Mueller matrix of the polarizer as M p . Light interacting with the surfaces of optical components undergoes refraction for lenses, reflection and refraction for interference filters, and absorption and refraction for neutral-density filters. The Mueller matrix for an isotropic absorption process is the unity matrix ͑note that all Mueller matrices below are normalized to M11, and therefore we use the term reduced Mueller matrix͒. The reduced Mueller matrix for reflection and refraction processes has been derived by Kattawar and Adams 21 and has the following form:
where ␣, , and ␥ depend on incident and refracted angles. These matrix elements are plotted in Fig. 8 as a function of incident angle, assuming light entering glass ͑relative index of refraction 1.5͒. The product of a chain of matrices with the form of Eq. ͑19͒ has the same symmetry as Eq. ͑19͒, and this allows us to write the total Mueller matrix as the product of the polarizer Mueller matrix and the Mueller matrix for all other optical components. In doing so we have made the assumption that all the contributions to the camera's Mueller matrix due to optical components other than polarizers are from optical components before the polarizer, mainly the fish-eye input optics. This is reasonable, because only at the input stage are large refraction angles involved. Even for the interference filter every transmitted ray undergoes two refractions and pairs of reflections. The reduced Mueller matrix for double reflections at small angles is close to unity, and therefore the reduced Mueller matrix for an interference filter is nothing but double refraction at small angles, which is also close to a unity matrix. The validity of these assumptions is tested by experiment. Let M s be the Mueller matrix due to optical components other than the polarizer, then we can write the total Mueller matrix as
Once k 1 and k 2 for polarizers are known, the Mueller matrix M p can be calculated. Thus it is necessary only to measure the Mueller matrix for the camera without a polarizer and the orientation of the polarizer.
In the following discussions we use the notation m12͑W1͒, m13͑W1͒, and m14͑W1͒ to denote the reduced Mueller matrix elements for the polarization filter wheel in position 1 and m12͑W2͒, m13͑W2͒, and m14͑W2͒ for reduced Mueller matrix elements for the second position. Similar notation will be used to describe the Mueller matrix elements for the third and fourth polarizer positions. There is no polarizer in position 1, but the polarizers in positions 2, 3, and 4 are oriented at 0°, 45°, 90°, respectively, relative to an arbitrary axis. Figure 9 shows that the measured m14 values for the four filter wheel locations are close to zero, as expected from the form of Eq. ͑19͒. The deviations from zero are caused by the imperfect quarter-wave plate employed in the experiment. Since we used a quarter-wave plate ͑at 550 nm, Melles Griot 02WRM009͒ made of mica, it can only approximate a quarter-wave plate at the wavelengths of the RADS-II. The Mueller matrix elements m12 and m13 are shown in Figs. 10 and 11 , respectively. It can be seen that m13͑W1͒ and m14͑W1͒ are close to zero. These are the Mueller matrix elements of the camera without a polarizer. But m12͑W1͒ is not zero and varies with incidence angle as T12͞T11 of Fig. 8 . These results show that the total Mueller matrix of the camera ͑without polarizers͒ is similar to Eq. ͑19͒.
Experimentally m12͑W1͒ and m13͑W1͒ were found to be rotationally symmetric around the optical axis. Similar experiments were also performed to test for spectral dependence, and it was found that the Mueller matrix is independent of wavelength within experimental error. In each of these cases the system was found to be rotationally symmetric and spectrally constant within 1%.
With this method we have the following reduced Mueller matrix elements: m12͑W1͒, m13͑W1͒ ϭ m14͑W1͒ ϭ 0. Applying symmetry principles to the Mueller matrix and considering that there are only reflections and refractions involved in the camera case ͑without a polarizer͒, the overall Mueller matrix has the same form as Eq. ͑19͒. Thus we can assume m33͑W1͒ ϭ m44͑W1͒ ϭ 1, m23͑W1͒ ϭ m24͑W1͒ ϭ m34͑W1͒ ϭ 0, and the Mueller matrix for the camera ͓in Eq. ͑20͔͒ is known. Since the Mueller matrix for a sheet polarizer is known, we are able to generate the Mueller matrix of the RADS-II for any direction of view, once the preferred transmission axis of the polarizer is known.
Calibration Tests
To confirm the accuracy of the scalar ͑nonpolarized͒ calibration procedures an experiment was performed in April 1994 in Key West, Florida, in conjunction with the Hand-Held Contrast Reduction Meter ͑HH-CRM͒. 22 Measurements of the sky radiance distribution with the RADS-II ͑without polarizers in place͒ were obtained at three wavelengths common to both instruments, 558, 673, and 866 nm. The measurement site was located at the edge of Key West, Florida.
While the RADS-II measurement was obtained quickly ͑typical integration time was 1 s͒, the HH-CRM measurement had to be taken successively, one point at a time. Only principal plane and almucantar data were taken with the HHCRM. The almucantar corresponds to directions with the same Sun zenith angle but varying azimuthal angles from the Sun. The principal plane is composed of directions in the plane containing the Sun and the zenith. The HHCRM measurement sequence took ϳ3 min for each wavelength. In the RADS-II measurements an occulter was used to block the direct solar radiation owing to the dynamic range limitation of the CCD sensor and to prevent flare from the direct solar beam in the camera optics. Thus no data are available within 20°of the Sun in the radiance image. Figures 12 and 13 compare the RADS-II data with the HHCRM data for three channels at wavelengths of 560, 667, and 860 nm. It should be noted that the HHCRM has an approximate pointing inaccuracy of 2°. Figure 14 shows the relative difference of the data in the principal plane for three channels. The difference is computed as
The principal plane is a more difficult comparison because of pointing inaccuracies in the HHCRM and because the roll-off calibration in the RADS enters strongly into the RADS data set.
For 560 and 670 nm all the data shown have less than a 10% difference. The agreement between RADS-II and HHCRM data for 860 nm is poor; the difference can reach as large as 25% when the radiance value is small, with RADS-II data always higher. The gain of the HHCRM is highly sensitive to temperature at this wavelength; thus the HHCRM data may not be so accurate at this wavelength.
To test the polarization calibration method ͑sep-aration of polarizer and camera Mueller matrices͒ an experiment was performed to measure the Mueller matrix elements directly and compare them with those same elements obtained by matrix transformation ͓Eq. ͑20͔͒. The experimental setup is similar to the absolute calibration method in the way the camera was placed and the light source arranged. An additional device prepared light beams A, B, and C as in Eq. ͑17͒, and the camera viewed a reflectance plaque, illuminated by a 1000-W lamp, through this device. This device is basically a hollow cylinder painted black, with a sheet polarizer placed on a polarizer holder in front of the cylinder. The polarizer can be precisely rotated around the cylinder's axis. The aperture of the polarizer allowed a 4°field of view. Although tests were done for all three wavelengths, Figs. 15 and 16 show the comparisons between experimental results and matrix transformation results for 560 nm. The transformed values differ from the directly measured values only by 1%-2%. The development of the matrix transformation technique for RADS-II polarimetric calibration allows the Mueller matrix elements to be computed relatively quickly for the whole hemisphere.
Camera System Mueller Matrix Elements for the Whole Hemisphere
So far we have illustrated the polarimetric calibration procedures for the RADS-II CCD camera system. Since the Mueller matrix elements depend on the coordinate system, it is necessary to define the coordinate system used.
Consider an x-y coordinate system on the CCD Fig. 15 . M12 direct measurement and matrix transformation method, illustrating how well the matrix transformation method works to estimate the system Mueller matrix. Measurements were performed at 560 nm. array with z pointing normal to the array. All the Mueller matrix elements are represented in this x-y-z coordinate system for the RADS-II optical system and in describing the radiative transfer process. For the optical system of RADS-IIP each pixel on the array corresponds to a zenith and azimuth angle. The l axis of the system is in the plane defined by the specific look direction and the optic axis of the system. The zenith and azimuth angles determine the Mueller matrix elements and therefore the polarization signature of the camera system. In the previous discussions we have shown that the Mueller matrix of the camera does not depend on azimuth angle ͑rotationally symmetric around the optic axis͒. Since we know the geometric mapping of spatial direction to individual pixel on the array, it is possible to express the spatial Mueller matrix in an image format. Figures 17-18 are example contour plots of the Mueller matrix element images for M12 and different configurations of polarizers, all generated from Eq. ͑20͒. The rotational symmetry is evident in these images. M12͑W1͒ varies only slowly with off-axis zenith angle. M12͑W2͒ varies strongly with zenith angle, as the incoming l axis is oriented parallel and perpendicular to the transmission axis of the polarizers' orientation shown in Fig. 17 . M12͑W3͒ ͑shown in Fig. 18͒ and M12͑W4͒ are similar, except rotated at 45°azimuthally to follow the rotation of the polarizer. With these ͑effective͒ images of the Mueller matrix elements the Mueller matrix of the camera system is defined exactly. These images then provide a convenient way to store this information and operate on data acquired in the field.
Conclusions
We have described the RADS-IIP instrument and have shown through experiment that the system performs well. We expect that the absolute calibration of the system is accurate within 10% for most channels. Polarization measurements are accurate within approximately 2%. With the images resulting from the polarimetric calibration we can process sets of sky radiance distribution data to obtain polarized spectral radiance distributions accurately and quickly ͑Ͻ2 min͒ for all directions. Because all directions are taken simultaneously, the system is well adapted to operate in a changing environment or on a less stable platform, such as a ship. In a companion paper 10 we will present data obtained with the instrument and investigate aspects of the skylight polarization.
